The relative impacts of regional and generalized adiposity on insulin sensitivity have not been fully defined. Therefore, we investigated the relationship of insulin sensitivity (measured using hyperinsulinemic, euglycemic clamp technique with [3-3H] glucose turnover) to total body adiposity (determined by hydrodensitometry) and regional adiposity. The latter was assessed by determining subcutaneous abdominal, intraperitoneal, and retroperitoneal fat masses (using magnetic resonance imaging) and the sum of truncal and peripheral skinfold thicknesses. 39 healthy middle-aged men with a wide range of adiposity were studied. Overall, the intraperitoneal and retroperitoneal fat constituted only 11 and 7% of the total body fat. Glucose disposal rate (Rd) and residual hepatic glucose output (rHGO) values during the 40 mU/m2.min insulin infusion correlated significantly with total body fat (r = -0.61 and 0.50, respectively), subcutaneous abdominal fat (r = -0.62 and 0.50, respectively), sum of truncal skinfold thickness (r = -0.72 and 0.57, respectively), and intraperitoneal fat (r = -0.51 and 0.44, respectively) but not to retroperitoneal fat. After adjusting for total body fat, the Rd and rHGO values showed the highest correlation with the sum of truncal skinfold thickness (partial r = -0.40 and 0.33, respectively). We conclude that subcutaneous truncal fat plays a major role in obesity-related insulin resistance in men, whereas intraperitoneal fat and retroperitoneal fat have a lesser role. (J. Clin. Invest. 1995. 96:88-98.)
Introduction
Obesity is known to be accompanied by several metabolic complications and has been increasingly recognized as a risk factor for chronic diseases such as non-insulin-dependent diabetes mellitus (NIDDM),' dyslipidemia, and atherosclerotic cardio-vascular diseases (1) (2) (3) (4) (5) (6) . Recent studies indicate that obesityinduced insulin resistance may be an important factor contributing to these complications (7) (8) (9) . In general, the risk of developing complications is proportional to the total amount of excess fat present in the body. However, there is growing evidence that the location, or distribution, of excess body fat may incrementally influence the severity of complications. Early investigations by Vague (10) and subsequent cross-sectional (11) (12) (13) (14) (15) (16) (17) and longitudinal studies (18) (19) (20) (21) (22) (23) have shown that excess accumulation of fat in the upper body or truncal region, particularly in the abdominal region, is a better predictor of morbidity than total body obesity.
The concept that truncal adiposity has a more deleterious effect on health is supported by in vitro studies of metabolism of adipocytes from different anatomical regions. Although no consistent differences have been noted in basal rates of lipolysis and antilipolytic effect of insulin in adipose tissue from various anatomical sites (24) (25) (26) (27) , catecholamine-induced lipolysis has been reported to be uniformly higher in adipose tissue from omentum or mesentery (intraperitoneal region) than that from subcutaneous abdominal region (24, 28, 29) which in turn shows higher lipolysis rates than do gluteal and femoral adipose tissues (30) . Particular attention has been paid to intraperitoneal adipose tissue also because of its venous drainage into the portal system and directly into liver, which raises the theoretical possibility that excess free fatty acids (FFA) and glycerol released from this location could have unique adverse effects on hepatic metabolism (31) .
In spite of clinical and epidemiologic observations and in vitro data supporting the concept that the distribution as well as the amount of body fat influence the metabolic impact of obesity, views on the effects of regional excess of fat are not uniform. This lack of agreement stems in part from uncertainty engendered by the lack of methodology for accurate determination of the mass of adipose tissue in different regions. Particularly difficult to measure is the quantity of the potentially important intraperitoneal fat. Recently, we reported the validation of a method using magnetic resonance imaging (MRI) for the precise measurement of actual masses of abdominal adipose tissue regions, i.e., intraperitoneal, retroperitoneal, and subcutaneous abdominal adipose tissue (32) . Using this technique, in the present study, along with anthropometric measurements of body fat, we investigated the relationship of insulin sensitivity to overall and regional obesity, with special attention to abdominal obesity, in nondiabetic male subjects. Another aim of the study was to determine the interrelationships between masses of different regions of abdominal adipose tissue and other measurements of body fat. recruited for this study by public advertisement. These subjects had a mean (SD) age of 47 (11) yr and a mean body mass index (BMI) of 28.5 (7.7) kg/M2. The total body fat content ranged from 8.6 Body composition was studied by determination of body density using a volumeter (Whitmore Enterprises, San Antonio, TX). Each subject was submerged in water up to the chin in a seated position. Then he was given 3,000 ml of gas to rebreathe (45% oxygen, 10% helium, and 45% nitrogen) and went completely underwater. Total volume displacement was measured to the nearest 50 ml. After resurfacing, helium concentration was measured in the exhaled gas by mass spectrometry (model 1100; Perkin-Elmer Corp., St. Louis, MO). Total submerged gas volume was calculated by the formula: total gas volume (ml) = 300 ml He/final [He] + 100 ml (for abdominal gas). Total gas volume was subtracted from total displacement volume to give total body volume. Total body mass (kg), measured to the nearest 0.1 kg, was divided by body volume to obtain body density. Siri's equation (33) was used to estimate percentage of total body fat, lean body mass, and total fat mass.
MRI. The MRI studies were performed using a 0.35 T imaging device (Toshiba America MRI, Inc., South San Francisco, CA) with a quadrature body coil. The entire abdominal region was scanned using contiguous axial 10-mm slices. The MRI studies used a '-r' (tau) 1-weighted spin echo sequence with 300-ms repetition time and 15 ms echo time, one-half excitation for all acquisitions. Seven slices were obtained for each acquisition sequence. The duration of each acquisition was 36 s. Three to four acquisitions were necessary to cover the entire abdomen. Data from all images were acquired on a 256 x 192 matrix within a 51.2 x 28.4 cm field of view, 2 x 2 x 10 mm3 voxel, giving a 40-mm3 pixel volume. Data from all images were stored on magnetic tapes and transferred to a Toshiba 0.35 computer (Toshiba Inc., South San Francisco, CA) for analysis. Fat volume was measured in each slice by mapping subcutaneous and intraabdominal adipose tissue compartments on the computer screen using a track-ball. Intraabdominal adipose tissue was distinguished and separated into intraperitoneal and retroperitoneal adipose tissue compartments using anatomical points, such as ascending and descending colon, aorta, and inferior vena cava. The number of pixels counted in each compartment was converted into a volume (multiplying the number of pixels by 0.04 cm3). Assuming Biochemical analyses. Plasma glucose concentrations were assayed by glucose oxidase method (Beckman Glucose Analyzer; Beckman Instruments, Fullerton, CA). The specific activity of glucose was determined from the plasma samples deproteinized by barium hydroxide and zinc sulphate precipitation, according to Meneilly et al. (39) . Plasma insulin levels were determined by modification (40) of the radioimmunoassay described by Yalow and Berson (41) .
Calculations and statistical analyses. All data were analyzed using statistical programs (BMDP and CLINFO). Two types of analyses were carried out. First, the 39 subjects were divided into three groups according to tertiles of total body fat, namely, lean, intermediate, and obese groups; and second, for all subjects together, various correlations were carried out. One-way analysis of variance (ANOVA) was performed to compare parameters of interest among the three groups. To assess for significance of trends in the variables, orthogonal linear contrasts were included in the model. Two-sample t tests with Bonferroni adjustment were used for multiple comparisons when the F statistic from the ANOVA had a P value < 0.05. The Kruskal-Wallis test followed by Bonferroni-adjusted Wilcoxon rank sum test was used for comparing HGO values. MRI study could not be performed in three subjects due to excessive body weight and in another subject due to a technical Regional Obesity and Insulin Sensitivity 
Results
The characteristics of the three groups of subjects are shown in Table I . Ages were similar in all groups. The lean group had relatively low mean values for total body fat, lean body mass, BMI, W/H ratio, and the sum of truncal and peripheral skinfold thickness. The intermediate group had values that approximate the average for middle-aged American men (42) , whereas for the obese group the parameters were abnormally high. Based on the National Diabetes Data Group criteria (43), the lean, intermediate, and obese groups had 3, 1, and 2 subjects with impaired glucose tolerance, respectively. None of the subjects had diabetes mellitus. During the oral glucose tolerance test, the median values for area under the curve for the plasma glucose in the lean, intermediate, and obese groups were 21.8, 19 .4, and 20.8 mmol . h/liter, respectively (P = 0.13), and for plasma insulin 849, 1,148, and 1,624 pmol . h/liter, respectively (P = 0.16).
Total body fat and its distribution in the three abdominal compartments is compared among the three groups in Table II . Fig. 1 shows the relationships of fat content (kilograms) in the different abdominal compartments with the total body fat mass. A significant correlation was found between total fat mass and the contents of each compartment. In all groups, the largest amount of abdominal fat was present in the subcutaneous compartment; it averaged about twice that of intraperitoneal fat. Although subcutaneous abdominal fat and intraperitoneal fat increased progressively as percentage of total body mass with increasing total fat, their values as percentages of total body fat remained approximately constant (Table II) . There was a significant positive correlation (r = 0.72; P < 0.0001) between masses of subcutaneous abdominal fat and intraperitoneal fat (Fig. 2) . In the lean group, retroperitoneal fat mass was 73% of that of intraperitoneal fat, but retroperitoneal fat failed to increase in proportion to subcutaneous abdominal and intraperitoneal fat with increasing obesity (Table II) .
Skinfold thicknesses at all sites similarly showed a progressive increase with increasing percent body fat (data not shown). The ratio of the sum of truncal-to-peripheral skinfold thickness was similar in the three study groups (mean±SD; 2.50±0.44, 2.62±0.77, and 2.23±0.57, in the lean, intermediate, and obese groups, respectively, P = 0.22), indicating that fat distribution in the various subcutaneous regions did not change significantly with increasing total body adiposity. Table III summarizes the relationships between variables of generalized and regional adiposity. With the exception of retroperitoneal adipose tissue mass, which was significantly correlated only with W/H ratio and intraperitoneal fat mass, all other variables were highly intercorrelated. Increasing total body fat was associated with a progressive increase in the subcutaneous abdominal fat mass and intraperitoneal fat mass. Significant relationships were also observed between W/H ratio and total body fat and intraperitoneal fat masses but not with subcutaneous abdominal fat mass. Table IV presents the results of the euglycemic, hyperinsulinemic glucose clamp studies. Plasma glucose levels were similar in the three groups during both fasting and the hyperinsulinemic periods. Fasting insulin levels, however, showed a trend toward higher values in the intermediate group, and, in the obese group, they were substantially higher than those of the lean group. At both low-dose and high-dose insulin infusion rates, Rd values were significantly lower in the obese group compared with the lean group. The reduction of Rd values with increasing generalized adiposity across the three groups was significant for both the low-dose and high-dose insulin infusions (P = 0.017, P = 0.0004, respectively).
In addition to the data analysis of (expressed as percentage of body mass) ( Fig. 3 A) ; however, considerable individual variability was noted, particularly at lower body fat masses. Intraperitoneal fat mass also was correlated with Rd values, but the coefficient was somewhat less than that for total body fat (Fig. 3 C) . Retroperitoneal fat mass, however, showed no relationship to Rd values (Fig. 3 D) . Subcutaneous abdominal fat mass correlated with Rd values to a similar degree as did total body fat (Fig. 3 B) , whereas an even stronger relationship was noted for the sum of truncal skinfold thickness (Fig. 4 A) . The sum of peripheral skinfold thickness was less highly correlated to Rd values (r = -0.56, P = 0.003).
An attempt was made to dissect the relative influence of regional adiposity and generalized adiposity by calculating partial correlations adjusting for total body fat (Table V) . These analyses revealed a partial correlation with a P value of 0.06 between subcutaneous abdominal fat and Rd value after adjustment for total body fat. Partial correlations for intraperitoneal fat and retroperitoneal fat were not statistically significant, but the partial correlation for the combination of subcutaneous abdominal and intraperitoneal fat reached statistical significance (P = 0.05). Furthermore, the highest partial correlation was found with the sum of truncal skinfold thickness (P = 0.01), whereas no trend was observed for the sum of peripheral skinfold thickness.
Finally, the relationships between regional adiposity and hepatic insulin sensitivity were examined. The relationships between various measures of adiposity and residual hepatic glucose output (rHGO) during the hyperinsulinemic phase, either as absolute values or as percent suppression of fasting values, were similar for both the low-dose and high-dose insulin infusions. Further, normalizing the HGO values with either total body mass or lean body mass also yielded similar results. Therefore, only the absolute values of the HGO in milligrams per minute per kilogram of lean body mass during the high-dose insulin infusion are presented and other data are not shown. As shown in Table V , fasting HGO was somewhat lower in the obese subjects but was suppressed less during the high-dose insulin infusion than the other two groups. Fig. 5 shows that total fat, subcutaneous abdominal fat, and intraperitoneal fat were highly correlated with rHGO values; no correlation was found for retroperitoneal fat. A significant correlation was also observed with the sum of truncal skinfold thickness and rHGO (Fig. 4 B) but not with the sum of peripheral skinfold thickness (data not shown). Finally, partial correlation analysis, after adjustment for total body fat, suggested that the sum of subcutaneous abdominal and intraperitoneal fat as well as the sum of truncal skinfold thickness contribute independently to hepatic insulin sensitivity beyond that imparted by total body fat (Table  VI) . The relationships between Rd values and rHGO and various parameters of generalized and regional adiposity were not affected by the racial composition or the age of the subjects.
Discussion
Excessive release of FFA and glycerol from adipocytes into the circulation in the obese state probably is responsible for the majority of adverse metabolic consequences of obesity, particularly, for insulin resistance (44) (45) (46) (47) . Since all adipose tissue can release FFA, the excess body fat in obese persons should give rise to high plasma FFA levels and turnover; these responses, in fact, have been reported (48) (49) (50) . However, the concept has arisen that an excess of adipose tissue in the abdominal region can especially enhance peripheral insulin resistance. This would be possible only if this particular adipose tissue site is either more metabolically active than others or if the sheer mass of adipose tissue accumulated in this region contributes significantly more to plasma FFA levels than does adipose tissue in the rest of the body. Several epidemiologic and clinical studies (51-53) lend support to the concept of increased morbidity caused by a regional excess of adipose tissue. In particular, some individuals seem to be unusually susceptible to accumulate fat in the abdomen or trunk (54) and to develop insulin resistance (17, 19 tively high W/H ratios have been reported to be more likely to have the metabolic complications of obesity (11) (12) (13) (14) (15) (16) (17) (18) (19) (20) (21) (22) (23) .
In accord with this concept, Jensen et al. (55) reported that obese women with high W/H ratios had higher FFA levels and turnover rates than obese women with low W/H ratios. The W/H ratios, however, yield only rough estimates of fat about the abdomen (56) and clearly do not provide a quantitative measurement of intraabdominal fat. Some investigators have used computerized tomography or MRI techniques to study intraabdominal adiposity and its relationship with metabolic complications (57) (58) (59) . These studies, however, have used a single transverse slice or a few slices of abdomen to study relative areas of intraabdominal and subcutaneous abdominal fat and do not provide absolute fat masses; thus research in this field has been hampered by a lack of methodology for the precise quantitation of mass of various compartments of abdominal adipose tissue. Of particular importance, in the previous studies, no distinction was made between intraperitoneal and retroperitoneal fat; since only the former drains into the portal circulation, it seems necessary to distinguish between the two in evaluating the metabolic consequences of excessive intraabdominal fat.
The results of our study, using the recently validated MRI (62) estimated that the intraperitoneal and rewith total body fat mass (Fig. 1) . Second, on the average, only troperitoneal adipose tissues represented 72-82 and 18-28%, about one-third of total body fat was located in the abdominal respectively, of the total intraabdominal adipose tissue volume region. Third, intraperitoneal fat mass correlated positively with in men. In a recent study from our group (32), the intraperitosubcutaneous abdominal fat mass, but the former averaged neal and retroperitoneal adipose tissue masses measured after about one-half the latter (Fig. 3) or -10% of the total body dissection in three cadavers were 67-71 and 29-33%, respecfat mass. It might be noted that relatively few individuals in tively, of the intraabdominal adipose tissue mass. More imthe present cohort had unusually high accumulations of intraportantly, the current study suggests that the relative amounts peritoneal fat relative to total body fat (Fig. 1 ) or to subcutaneof these two intraabdominal depots depend on the degree of ous abdominal fat (Fig. 2) . These observations cast doubt on obesity. For example, in the lean group, the intraperitoneal and thle concept that for middle-aged men most excess body fat retroperitoneal adipose tissue masses were 58 and 42% of the Retroperitoneal fat mass (% of body mass) Figure 3 . The relationships of insulin-mediated glucose disposal rate (Rd value, during euglycemic, hyperinsulinemic glucose clamp study at 40 mU/m2 min insulin infusion rate) and total body (A), subcutaneous abdominal (B), intraperitoneal (C), and retroperitoneal (D) fat masses. Pearson product-moment analysis was used for computing the correlation coeffi-3.0 cients (r) after log transformation of both dependent and independent variables.
intraabdominal adipose tissue mass, respectively; in the intermediate group they were 66 and 34%, respectively; and in the obese group they were 69 and 31%, respectively. The range of intraperitoneal adipose tissue mass varied from 37 to 84% of the total intraabdominal adipose tissue mass. This large variability seems to be mainly due to the small increase in retroperitoneal adipose tissue mass with increasing obesity; it is possible that anatomic factors as well as reduced metabolic activity of the retroperitoneal adipose tissue may limit its increase in size.
The data from the euglycemic, hyperinsulinemic, glucose clamp studies revealed a highly significant inverse correlation between Rd values and total body fat mass (expressed as percentage of total body mass). For the group as a whole, the percent body fat explained -37% of the variation in the Rd values (r = -0.61) similar to the observations of others (63-65). In addition, visual inspection of the data (Fig. 3 A) reveals that, compared with the lean, the obese subjects had lower Rd values with less variation, suggesting a dominant role of increasing obesity in determining a subject's insulin sensitivity. Of interest, the effects of increasing total body fat on Rd values appeared to reach a maximum at a body fat content of -30% of body mass. A similar finding was noted by Bogardus et al. (63) for Pima Indians. Regardless, these studies show that variation in total body fat cannot explain all the variance in insulin-mediated glucose disposal. Therefore, other factors, such as regional adiposity (66, 67) , degree of physical activity (68, 69) , and genetic predisposition (70) well. To date, however, the quantitative influence of regional adiposity beyond that of overall adiposity has not been accurately defined.
In our study, intraperitoneal fat mass was significantly and inversely correlated with Rd values; however, the correlation coefficient for this link (r = -0.51) was lower than that for the total body fat and Rd values (r = -0.61). Furthermore, on the average, intraperitoneal fat mass was only 10% of the total body fat mass. Therefore, even if intraperitoneal adipose tissue was more metabolically active than other types of adipose tissue, its contribution to total FFA flux nonetheless should be relatively small. Thus, in this light, it is perhaps not surprising that intraperitoneal fat did not appear to have a unique impact on peripheral insulin sensitivity.
Interestingly, retroperitoneal adipose tissue mass showed no up a greater proportion of total fat than does intraperitoneal fat. Indeed, subcutaneous abdominal fat mass itself is about twice that of intraperitoneal fat (Table II) . Moreover, the amount of subcutaneous abdominal fat correlated better with Rd values than did intraperitoneal fat (Fig. 3 B) . A still stronger correlation was found between the sum of truncal skinfold thickness and Rd values (Fig. 4 A) . The total truncal subcutaneous fat, therefore, may constitute the single most active compartment of adipose tissue affecting insulin-mediated glucose disposal. Certainly its size alone could impart the greater influence on insulin sensitivity. We also used another approach to determine whether various adipose tissue compartments independently affect Rd values beyond total body fat mass; this was to estimate partial correlation coefficients after adjusting for total body fat. If all the adipose tissue compartments were equal in their metabolic activity, none of them should reveal an additional effect beyond that of total body fat. With this approach, intraperitoneal fat mass was not found to have an independent effect on Rd values (Table V) , whereas subcutaneous abdominal fat had a partial correlation coefficient of -0.33 which approached statistical significance (P = 0.06). Combining the subcutaneous abdominal and intraperitoneal fat resulted in a significant correlation (partial r = -0.35, P = 0.05); this finding is consistent with the concept that the total amount of intraperitoneal and subcutaneous abdominal fat contributes more to insulin resistance than does the total fat mass throughout the body. An even higher partial correlation was obtained for the sum of truncal skinfold thickness, a measure of subcutaneous truncal adipose tissue, of which subcutaneous abdominal adipose tissue is a part.
Our study further revealed interesting results regarding the relationships of total and regional body fat masses with hepatic insulin sensitivity. For example, increasing overall obesity was accompanied by a reduction in insulin-induced suppression of HGO. The hepatic insulin sensitivity, however, was not more strongly correlated with the mass of intraperitoneal fat than with the total body fat mass; and once again, the best relationship was found with the sum of truncal skinfold thickness. It therefore did not appear that intraperitoneal fat mass was the only factor responsible for the failure to suppress HGO in obese patients. The data obtained in this study support the concept that subcutaneous adipose tissue in the truncal region, including thorax and abdomen, contributes more to insulin resistanceboth in the whole body and in the liver-than does adipose tissue elsewhere in the body. This finding supports previous reports that truncal obesity predisposes to insulin resistance (11) (12) (13) and NIDDM (14, 15, 17, 19) . On the other hand, our investigation failed to demonstrate that intraperitoneal fat uniquely enhances insulin resistance.
It must be mentioned, however, that we have not explored the full range of variation in body fat distribution in men. It remains possible that some individuals may uniquely accumulate large amounts of fat inside the abdomen and not elsewhere. In this study, we did not identify otherwise lean men with selective intraperitoneal obesity, although the literature suggests that such men exist (58, 73) . If so, they might be unusually susceptible to develop insulin resistance and NIDDM. Moreover, we did not study women; there may be a greater variability in body fat distribution in women than in men, and women having intraperitoneal obesity may be more likely to be insulin resistant than those in whom body fat is largely in the gluteofemoral region. Although our study was not designed to address the issue of changes in body composition and its relationship with insulin sensitivity with age and ethnicity, these variables did not affect our conclusions.
Finally, on the basis of this investigation, we suggest that subcutaneous truncal obesity, which can be estimated by skinfold thickness, yields a parameter that has a high degree of relationship with peripheral and hepatic insulin sensitivity. Our data further suggest that subcutaneous truncal obesity is more influential in determining insulin resistance than is subcutaneous obesity in the extremities. Further, the current results seem to downplay the uniqueness of intraperitoneal fat in the causation of insulin resistance; in a word, our findings change the focus of fat distribution-insulin resistance relationship from intraperitoneal fat to subcutaneous truncal fat.
